Microbiological conversion of drugs and natural products, including sterols and steroids, is an important component of the commercial preparation of these agents. We have developed methodology which allows for the production and selection of mutant organisms capable of specific desirable transformations. This methodology is based upon mutation of wild-type strains which are capable of completely degrading certain sterols and selection of the mutants blocked at the desired conversion. This procedure should be equally useful for many if not all drug classes.
I), 0-sitosterol (U), and campesterol (HI), into clinically important steroids had its beginnings in the work of Turfitt in the 1940's (14) . He found that incubation of the actinomycete Nocardia erythropolis with cholestenone (IV) yielded androst-4-en-3-one-17,-carboxylic acid (V). The significance of this and its possible economic implications did not begin to be seen until the structures and clinical uses of the naturally occurring animal corticosteroids (VI) and sex hormones had been elucidated.
Much effort has been put into devising methods by which sterols may be microbially degraded only to the steroid nucleus and in yields high enough to qualify as industrial processes (4, 6) . One approach has been either to screen many different species of fungi, yeasts, and bacteria or to isolate an unknown culture which is capable of using the sterol (usually cholesterol) as a sole earbon source, hoping to chance upon one which naturally metabolizes only the side chain. The list of organisms found to date which can degrade cholesterol, with or without detectable steroidal products, is far too long to include here; many examples have been IV   CO2H   -V   0   /I R=H   II R=CH2CH3  III R=CH3 HO found in bacteria, yeasts, and actinomycetes, as well as in molds. In most cases in which steroids were detected, these represented a minor portion of the cholesterol degraded and were generally a mixture of unsaturated androsterones. Another approach has been the modification of the starting sterol. Sih et al. (11, 12) noted that estrone (VII) was resistant to microbial attack and reasoned that, if a substrate was arranged so that A-ring aromatization could occur without the retro-aldol reaction which would lead to a 9, 10-secosteroid, estrone should be produced in good yield. In fact, this was accomplished, by using 19-hydroxycholest-4-en-3-one (VIII), 19-hydroxy-fl-sitost-4-en-3-one (IX), and 19-hydroxycholesterol-3-acetate (X) to give 30, 10, and 72% yields of estrone, respectively.
Attempts have also been made to improve the yields of steroidal products from natural sterols by the inclusion in the incubation medium of chemical agents; such as chelatingmagents, metals, and redox dyes, which apparently inhibit essential steps in nuclear degradation. In this way, yields of up to 57% of androsta-1, 4-diene-3,17-dione (XII) from sterols have been obtained (2, 3) .
During the course of this research, a report of the degradation of various sterols to androsta-1, 4-diene-3, 17-dione (XII) or androst-4-en-3, 17-dione (XI) by strains of Mycobacterium appeared (8) . Although the authors did not emphasize the use of ultraviolet light, a known mutagen, and gave no details of the isolation procedure used, the results obtained were similar to those reported here. A maximum 78% yield of the first steriod was obtained after a 6-day (144-h) fermentation in nutrient medium to All of these might be expected to have evolved toward sterol utilization. In addition, these four genera are sensitive to the semisynthetic penicillin carbenicillin (9) . Each of these five organisms was found to utilize minimal cholesterol medium, although there were differences in their rates of growth. The minimum inhibitory concentration of carbenicillin was found to be on the order of 500 gg/ml.
The mutagenesis procedure was modeled upon standard procedures (1) . Cultures were grown in 10 ml of nutrient broth or cholesterol broth to an optical density of 0.3; all incubations were done at 37 C. One-tenth ml of a saturated aqueous solution of nitrosoguanidine was added aseptically, and the culture was incubated for 15 min more. The culture was centrifuged, twice resuspended in buffer and centrifuged, and then resuspended in cholesterol broth.
When turbidity was evident, a sample was used to inoculate testosterone broth to an optical density of 0.01. This was incubated for 2 h, then treated with 800 Atg of carbenicillin per ml for 3 h. The carbenicillin-treated culture was centrifuged, rinsed twice, and resuspended in cholesterol broth. The carbenicillin treatment was repeated twice.
After one further incubation in cholesterol broth, a sample of the enriched cultures was removed to screen for mutants. Dilutions of this sample were placed in soft agar and poured over tryptone agar. After incubation, well-separated colonies were transferred with sterile toothpicks to grids containing 0.5 ml of buffer made 0.001% in glucose. These were incubated overnight and stamped onto cholesterol and testosterone agar. The plates were incubated until growth was easily evident on cholesterol, usually 3 to 7 days depending on the bacterial species. If a clone showed growth on cholesterol but none on testosterone, it was designated a mutant and transferred to an agar stab. Reversion frequencies to testosterone metabolizing capability were determined for each mutant.
After mutagenesis and three cycles of penicillin enrichment, using testosterone broth as the selection medium, two mutants were isolated from A. lipolyticus. When grown in nutrient broth, they displayed reversion frequencies of 1 x 10-i and 1.3 x 10', respectively. These two isolates proved to have an insurmountable deficiency for our purposes-neither could be induced to grow in minimal broth. When inoculated into cholesterol broth, they apparently lysed, judging from the growth curve.
It was possible to grow these A. lipolyticus mutants on minimal agar medium, with little reversion, at lower temperatures. It was also possible to reisolate these mutants from the original isolates, with a reversion frequency of 10-6, so they were apparently true, fairly stable mutants. The cause of the sensitivity to minimal broth is presumably a permeability defect, but its nature is still unexplained.
In extracts of these cells grown on cholesterol agar, no evidence of steroidal metabolites was detected by a combination of thin-layer chromatography and mass spectrometry. This could have been due to the difficulty of getting enough cells from agar plates to identify products present in low concentration, or it could be that, just as the sterol diffuses through the agar to the cells on the surface, the product may have diffused away rather than accumulating within the cell. An attempt to extract the cholesterol agar from which the bacteria had been removed was without reward; no steroids and very little cholesterol was recovered.
Two additional mutageneses of A. lipolyticus, by the same procedure, in which all incubations were at 30 rather than 37 C, yielded no mutants; nor were mutants isolable from P. aeruginosa, P. testosteronii, or Klebsiella K-59 by the same procedure.
Further mutageneses were done of the Aerobacter, Klebsiella, and Enterobacter strains. In one case, the nitrosoguanidine treatment was done in nutrient broth, as before, and in the other it was done in the tris(hydroxymethyl)aminomethane (Tris)-maleic acid buffer of Adelberg (1) . A lower concentration of nitrosoguanidine (100 ,g/ml) was used, and a period of growth in nutrient broth after treatment, before transferring to cholesterol broth, was included to allow the segregation of mutations.
These populations were carried through the rest of the procedure formerly used, except that each was filtered through glass fiber filters for removal of any residual sterol when transferring it from sterol to steroid broth for penicillin treatments. The concentrations of antibiotics were routinely increased in each consecutive treatment. Cephalothin was substituted for car-NOTES benicillin in the case of Klebsiella, because the cephalospoiins are more effective against this species than carbenicillin.
To determine the feasibility of using only one penicillin treatment for enrichment, 500 to 1,000 clones of each of the populations were screened after the first such treatment. Thus far, only the Klebsiella which was treated with nitrosoguanidine in Tris-maleic acid buffer has yielded mutants. Three were isolated which showed reversion frequencies less than 10-3: K-4010, 2.7 x 10-5; K-1916, 1.4 x 10-'; and K-524, 2.0 x 10'.
These mutagenized populations were also carried through the entire three-step penicillin enrichment and again screened for mutants, taking 500 clones from each. One (K-318, 4.0 x 10-i) was isolated from Klebsiella with a frequency of less than 10-'. This one was also from cells treated with nitrosoguanidine in Trismaleic acid buffer. Again, none were isolated from Aerobacter or Enterobacter.
Several experiments on the mutants K-4010 and K-1916 indicated that they are relatively stable. When stored in buffer in the refrigerator (4 C) for 10 days, the reversion frequency was practically unchanged-5.6 x 10-1 and 9.3 x 10-6, respectively. These stocks can be grown in minimal cholesterol medium, to titer of 10' cells/ml, but reversion frequencies are increased. Studies of the metabolic capabilities of these mutants are now being pursued in an effort to identify the point of biochemical blockade.
Bacterial mutants have been isolated which are capable of degrading the side chain of sterols but not the nucleus. These mutants were generated from gram-negative bacteria by the mutagen nitrosoguanidine and isolated by use of the penicillin enrichment technique. These mutants had a moderate reversion frequency. They were more sensitive to their environment than were the parent wild-type bacteria and on occasion appeared to be masked by the more rapidly growing revertants, when cultured in minimal medium.
The method described should lend itself to the rapid screening of many bacterial species for production of such mutants; any species which can utilize sterols as a sole carbon source and is sensitive to one of the penicillins or cephalosporins is a possible source of mutants. It is anticipated that this method would be equally suitable for the limited degradation of other classes of drugs, especially of natural products such as alkaloids. Since most of the difficulties encountered in this research arose because of the very slight solubility of sterols, it is also anticipated that this technique would be of even greater potential with a more water-soluble class of compounds.
(This paper was taken in part from the dissertation presented by N. L. C. in 1973 to the Graduate School of the University of Kansas, in partial fulfillment of the requirements for the Master of Science degree.)
